Proper motions of Milky Way Ultra-Faint satellites with ${\it Gaia}$ DR2
  $\times$ DES DR1 by Pace, Andrew B. & Li, Ting S.
Draft version February 20, 2019
Preprint typeset using LATEX style emulateapj v. 12/16/11
PROPER MOTIONS OF MILKY WAY ULTRA-FAINT SATELLITES WITH Gaia DR2 × DES DR1
Andrew B. Pace1,4 and Ting S. Li2,3
1 George P. and Cynthia Woods Mitchell Institute for Fundamental Physics and Astronomy, and Department of Physics and
Astronomy, Texas A&M University, College Station, TX 77843, USA
2 Fermi National Accelerator Laboratory, P.O. Box 500, Batavia, IL 60510, USA and
3 Kavli Institute for Cosmological Physics, University of Chicago, Chicago, IL 60637, USA
Draft version February 20, 2019
ABSTRACT
We present a new, probabilistic method for determining the systemic proper motions of Milky Way
(MW) ultra-faint satellites in the Dark Energy Survey (DES). We utilize the superb photometry from
the first public data release (DR1) of DES to select candidate members, and cross-match them with the
proper motions from Gaia DR2. We model the candidate members with a mixture model (satellite
and MW) in spatial and proper motion space. This method does not require prior knowledge of
satellite membership, and can successfully determine the tangential motion of thirteen DES satellites.
With our method we present measurements of the following satellites: Columba I, Eridanus III,
Grus II, Phoenix II, Pictor I, Reticulum III, and Tucana IV; this is the first systemic proper motion
measurement for several and the majority lack extensive spectroscopic follow-up studies. We compare
these to the predictions of Large Magellanic Cloud satellites and to the vast polar structure. With the
high precision DES photometry we conclude that most of the newly identified member stars are very
metal-poor ([Fe/H] . −2) similar to other ultra-faint dwarf galaxies, while Reticulum III is likely more
metal-rich. We also find potential members in the following satellites that might indicate their overall
proper motion: Cetus II, Kim 2, and Horologium II; however, due to the small number of members
in each satellite, spectroscopic follow-up observations are necessary to determine the systemic proper
motion in these satellites.
Keywords: proper motions; stars: kinematics and dynamics; dark matter; galaxies: dwarf; galaxies:
kinematics and dynamics; Local Group
1. INTRODUCTION
The Milky Way (MW) satellites galaxies are a diverse
set of systems with sizes ranging from tens to thousands
of parsecs, and luminosities between 300 to 109L (Mc-
Connachie 2012). Measuring the tangential motion of a
satellite was until recently only available for the largest
and brightest systems with Hubble Space Telescope as-
trometry and long baselines (e.g. Piatek et al. 2002; Kalli-
vayalil et al. 2013; Sohn et al. 2017). With the release of
the Gaia DR2 (Gaia Collaboration et al. 2018b) study-
ing the tangential motion of many more MW satellites is
now possible (Gaia Collaboration et al. 2018a).
Learning the tangential motion of the MW satellites
provides many new opportunities for further understand-
ing their nature and origin. First, detailed knowledge of
their orbital properties can be derived and the extent of
the MW tidal influence known. The accretion or infall
time of a satellite can test satellite star formation quench-
ing models (i.e. reionization versus ram pressure strip-
ing) (e.g. Ricotti & Gnedin 2005; Rocha et al. 2012; Fill-
ingham et al. 2015). Second, we can test whether there
are structures in the satellite distribution, including the
hypothesis of pairs of satellites (e.g. Crater-Leo, Pega-
sus III-Piscess II Torrealba et al. 2016; Kim et al. 2015a),
the vast polar structure (Pawlowski & Kroupa 2013), and
satellites of Large and Small Magellanic Clouds (Jethwa
et al. 2016; Sales et al. 2017). Moreover, the distribu-
tion of satellites in phase space can determine the MW
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mass (e.g. Sohn et al. 2013; Patel et al. 2018). Many
of these topics have been addressed in the first proper
motion analysis of Gaia DR2 satellite papers (Gaia Col-
laboration et al. 2018a; Simon 2018; Fritz et al. 2018a;
Kallivayalil et al. 2018).
There have been a plethora of new candidate satel-
lites in recent years, especially in the southern sky (e.g
Laevens et al. 2015; Martin et al. 2015; Torrealba et al.
2016; Drlica-Wagner et al. 2016; Torrealba et al. 2018;
Homma et al. 2018). Many have been found in the
footprint of the Dark Energy Survey (DES), a 5-year,
5000 deg2 survey (Bechtol et al. 2015; Koposov et al.
2015a; Drlica-Wagner et al. 2015b; Kim & Jerjen 2015;
Luque et al. 2016, 2017, 2018). Many of these objects
remain candidates and deeper photometry (e.g. Carlin
et al. 2017) and/or spectroscopy (e.g. Simon et al. 2015;
Li et al. 2018a) is required to verify the stellar overdensity
and to uncover their nature as a star clusters or dwarf
galaxies (Willman & Strader 2012).
New systemic proper motions with Gaia have been
measured for many ultra-faint satellites (Gaia Collabora-
tion et al. 2018a; Simon 2018; Fritz et al. 2018a; Kallivay-
alil et al. 2018; Massari & Helmi 2018). Each study has
utilized different methods to determine a satellite’s sys-
temic proper motion. For example, Gaia Collaboration
et al. (2018a); Massari & Helmi (2018) had a selection
based on spatial positions and Gaia color-magnitude di-
agrams and used an iterative sigma clipping routine to
measure the proper motion. For satellites with spectro-
scopic follow-up, the systemic proper motion can be de-
termined from ‘bright’ spectroscopically confirmed mem-
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bers (Simon 2018; Fritz et al. 2018a). Kallivayalil et al.
(2018) utilized a clustering algorithm to identify addi-
tional members in satellites with spectroscopically con-
firmed members.
In this contribution, we will introduce an indepen-
dent method to measure the systemic proper motions
of satellites that do not yet have spectroscopic follow-up.
Throughout this paper we will refer to the DES candi-
dates as satellites. While several objects have been con-
firmed via spectroscopy to be ultra-faint dwarf spheroidal
galaxies (Eridanus II, Horologium I, Reticulum II, Tu-
cana II, Simon et al. 2015; Walker et al. 2015; Koposov
et al. 2015b; Walker et al. 2016; Li et al. 2017) others
remain ambiguous (Grus I & Tucana III, Walker et al.
2016; Simon et al. 2017; Li et al. 2018b; Mutlu-Pakdil
et al. 2018). In addition, several of the satellites are
thought to be star clusters (Eridanus III, Kim 2 Luque
et al. 2018; Conn et al. 2018a; Kim et al. 2015b). Several
of the candidates (Tucana V, Cetus II) have been ar-
gued to be false positives from deeper data (Conn et al.
2018a,b).
In §2, we discuss the Gaia × DES DR1 data, cuts to
produce a pure sample, and our methodology for deter-
mining the systemic proper motions of a satellite. In §3,
we validate our method by comparing our results to satel-
lites with spectroscopic follow-up and present the ini-
tial results for our sample. In §4, we compare the new
systemic proper motions to kinematic/dynamical predic-
tions, discuss the metallicity from color-color diagrams,
discuss individual satellites, and conclude.
2. DATA & METHODS
2.1. Data
Our main objective is to determine the proper motions
of all satellites found in DES (Bechtol et al. 2015; Ko-
posov et al. 2015a; Kim & Jerjen 2015; Drlica-Wagner
et al. 2015b; Luque et al. 2016, 2017). In this section,
we describe the procedures for preparing the candidate
stars in each satellite, which are then used in the mixture
model method described in §2.2. We list the properties
of each satellite we adopt in this paper and the corre-
sponding references in Table 1.
We first perform an astrometric cross-match of DES
DR1 (DES Collaboration 2018) and Gaia DR2 (Gaia
Collaboration et al. 2018b) within a region of 1◦ in ra-
dius for each satellite with a cross-match radius of 0.′′5.
As the astrometric precision of DES DR1 against Gaia
DR1 is about 150 mas (DES Collaboration 2018), the
cross-match radius of 0.′′5 selects most of the stars in the
magnitude range of 16 < r < 21, where the bright end is
due to saturation in DES and the faint end is due to the
limiting magnitude of Gaia. We note that the astrom-
etry of Gaia DR2 is referenced to J2015.5 Epoch, while
DES DR1 astrometry is referenced to J2000 Epoch. We
did not perform any parallax or proper motion correction
before the cross-match, and therefore we may miss some
high-proper motion or nearby stars with this cross-match
radius. As we are interested in targets that are relatively
distant (> 10 kpc) with relatively small proper motions
(a few mas yr−1), the cross-match should not affect the
candidate members in each satellite.
We then perform a series of astrometric cuts using
Gaia DR2. We remove nearby stars with a parallax
cut: $ − 3σ$ > 0 (Lindegren et al. 2018). We re-
move sources with bad astrometric fits; defining u ≡
(astrometric chi2 al/(astrometric n good obs al −
5))1/2. We remove stars with: u > 1.2 ×
max (1, exp (−0.2(G− 19.5))) (Lindegren et al. 2018).
Lastly, we perform a cut based on the MW escape
velocity (vesc). vesc is computed with the potential
MWPotential2014 (with a slightly increased halo mass,
Mvir = 1.6 × 1012M) from galpy (Bovy 2015). We
compute the tangential velocity (vtan) of each star by
converting the proper motions into Galactic coordi-
nates in the Galactic Standard of Rest (GSR) frame
after accounting for the Sun’s reflex motion, assuming
(U, V, W) = (11.1, 12.24, 7.25) km s−1, a circular
velocity of 220 km s−1 (Scho¨nrich et al. 2010), and each
star is at the satellite’s heliocentric distance. We remove
stars with the cut1: vtan−3σvtan > vesc. The main goal of
this cut is to remove large, precise proper motions that
would increase the inferred MW dispersion parameters
and pull the net MW motion towards the outliers. To be
conservative we applied a relatively lose cut with a more
massive MW. In Figure 1, we show the color-magnitude
diagram (CMD) of candidate stars before and after the
astrometric cuts, using Gaia DR2 (left panel) and DES
DR1 (middle panel) photometry of Reticulum II2 as an
example.
After the astrometric cuts, we performed additional se-
lection criteria on the CMD using DES DR1 photometry.
Our CMD selection is derived from the spectroscopically
confirmed members in the six satellites with follow-up
(see Table 2 for the satellites and the associated refer-
ences). As shown in the right panel of Figure 1, most
of spectroscopically confirmed members on the red gi-
ant branch (RGB) in the DES satellites lie on a Dotter
isochrone (Dotter et al. 2008) with an old and metal-poor
population (age = 12.5 Gyr, [Fe/H] = −2.2). We there-
fore constrain our candidate members (RGB stars and
main sequence turnoff stars) to be close to this isochrone.
In addition, we selected blue horizontal branch (BHB)
stars using an empirical isochrone of M92 from Bernard
et al. (2014) after transforming to DES photometric sys-
tem. Specifically, we select the targets to be either ±0.1
mag in ∆(g− r) or ±0.4 mag in ∆g to either isochrones,
as illustrated by red solid and blue dashed lines in the
right panel of Figure 1. In the left and middle panels of
Figure 1, we show the candidate members of Reticulum II
after the CMD selection along with the spectroscopically
confirmed members, using Gaia DR2 and DES DR1 pho-
tometry. The spread with Gaia DR2 photometry is much
larger at the faint end. Therefore, selection of a narrow
isochrone window with DES DR1 photometry will largely
decrease the background contamination from the Milky
Way disk and halo stars. For reference we additionally in-
clude a more metal-rich isochrone ([Fe/H]=-1.5; age=10
Gyr) in the middle panel of Figure 1 as several satellites
1 We note that in principle the satellite may not be bound to
the MW and the escape velocity cut would remove all members.
We manually check that there are no high proper motion stars
clustered near each satellite.
2 For examples in this paper, we select Reticulum II as it is
nearby and has the most expected number of members. In addition,
it contains a large number of stars that have been confirmed to be
satellite members based on spectroscopic observations (Simon et al.
2015).
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Figure 1. Left & Middle: Example of the selection of candidate members for Reticulum II, with left (middle) showing the color-
magnitude diagram (CMD) using Gaia (DES) photometry. Points are colored by: all stars (cyan), after Gaia cuts (orange; the Gaia cuts
include parallax, astrometric fit, and escape velocity), after DES color-magnitude selection (purple). Overlaid in red open squares are the
spectroscopically confirmed members (Simon et al. 2015). In the middle panel we show a Dotter isochrone with age = 12.5 Gyr and [Fe/H]
= -2.2 (black) and a more metal-rich ([Fe/H] = -1.5, age= 10 Gyr; blue). Right: CMD with spectroscopic members in Eridanus II, Grus
I, Horologium I, Reticulum II, Tucana II, Tucana III (references in Table 2) that are included in the DES DR1×Gaia catalog. The lines
shows our color-magnitude selection which includes a range based on color (red) and distance modulus (blue-dotted).
have larger photometric metallicities.
We note that our photometric selection aims for a
mostly pure sample of candidate members, rather than a
complete sample to include every possible member star.
For example, we exclude any members on the red hori-
zontal branch (RHB) in the range of 0 < g− r < 0.4. As
these ultra-faint dwarf galaxies are old and less massive,
we expect minimal RHB members in each satellite, ex-
cept for some RR Lyraes in this color range. Indeed, the
spectroscopic RHB member in the tidal tail of Tucana
III (Li et al. 2018b) turns out to be a non-member from
its proper motion; however, the RHB member in Tucana
II is a proper motion member (Walker et al. 2016). Fur-
thermore, we may miss members that are farther away
from the isochrone, either due to larger photometric un-
certainties at fainter magnitudes, or due to an intrinsic
metallicity spread (e.g. see Eridanus II in the right panel
of Figure 1). If the satellite is more metal-rich (and there-
fore more likely to be a star cluster rather than a dwarf
galaxy), the color of its members will also deviate from
the default isochrone, which may result in a null measure-
ment. This is further discussed in §3.2 for the satellites
with null results.
We note that all DES photometry referred in this
paper are dereddened photometry from DES DR1, us-
ing the E(B − V ) values from the reddening map of
Schlegel et al. (1998) and extinction coefficients reported
in DES Collaboration (2018), which were derived using
the Fitzpatrick (1999) reddening law and the Schlafly &
Finkbeiner (2011) adjusted reddening normalization pa-
rameter. For Gaia photometry, we refer to the observed
photometry from Gaia DR2 without any reddening cor-
rection, and we note that the Gaia photometry is only
used for plotting and not used for any computation.
2.2. Method
We model the candidate stars as a mixture model con-
taining a satellite and a MW foreground. The total like-
lihood (L) is:
L = (1− fMW)Lsatellite + fMWLMW , (1)
where Lsatellite and LMW correspond to the satellite
(dwarf galaxy or star cluster) and MW components re-
spectively. fMW is the fraction of stars in the MW com-
ponent. Each likelihood term is decomposed into spatial
proper motion parts:
Lsatellite/MW = LspatialLPM , (2)
where Lspatial and LPM are terms for the spatial and
proper motion distributions respectively. The proper mo-
tion term is modeled as a multi-variate Gaussian:
lnLPM = −1
2
(χ−χ)>C−1(χ−χ)− 1
2
ln
(
4pi2 detC
)
(3)
where χ = (µα cos δ, µδ) is the data vector and χ =
(µα cos δ, µδ) is the vector containing the systemic proper
motion of the satellite or MW foreground. The covari-
ance matrix, C, includes the correlation between the
proper motion errors and a term for the intrinsic proper
motion dispersion. The covariance matrix is:
C =
[
2µα cos δ + σ
2
µα cos δ
2µα cos δ×µδ
2µα cos δ×µδ 
2
µδ
+ σ2µδ
]
, (4)
where  represents the proper motion errors and σ the
intrinsic dispersions. We do not include intrinsic disper-
sion terms for the satellite component as it is expected
to be significantly smaller than the proper motion uncer-
tainties3.
For the satellite spatial term, we assume a projected
Plummer stellar distribution (Plummer 1911):
Σ(Re) =
1
pia2h(1− )
(1 +R2e/a
2
h)
−2 , (5)
where R2e = x
2 +y2/(1− )2, is the elliptical radius, ah is
the semi-major half-light radius, and  is the ellipticity.
Here x and y are the coordinates along the major and
minor axis respectively and the on-sky coordinates (δα,
δδ) have been rotated by the position angle, θ, measured
North to East to this frame. The spatial scale for the
MW satellites is the half-light radius, rh = ah
√
1− , and
3 For example, a star with G ∼ 18 mag at 80 kpc has errors on
the order of 80 km s−1 while the expected intrinsic dispersion is
∼ 3− 6 km s−1.
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Table 1
Properties of the DES Satellites
Satellite α δ ah  θ D MV Referencesa
deg deg arcmin kpc
Cetus II 19.4700 −17.4200 1.9 - - 28.8 0.0 1
Columba I 82.8570 −28.0425 2.2 0.30 24 183 -4.2 2
Eridanus II 56.0838 −43.5338 2.31 0.48 73 366 -7.1 3
Eridanus III 35.6888 −52.2847 0.315 0.44 109 91 -2.07 4
Grus I 344.1765 −50.1633 2.23 0.41 4 120 -3.4 5
Grus II 331.0200 −46.4400 6.0 - - 53 -3.9 1
Horologium I 43.8820 −54.1188 1.41 - - 79 -3.4 5
Horologium II 49.1338 −50.0181 2.09 0.52 127 78 -2.6 6
Kim 2b 317.2080 −51.1635 0.42 0.12 35 104.7 -1.5 7
Indus II 309.7200 −46.1600 2.9 - - 214 -4.3 1
Phoenix II 354.9975 −54.4060 1.38 0.47 164 84.3 -2.8 8
Pictor I 70.9475 −50.2830 1.18 0.47 78 114 -3.1 5
Reticulum II 53.9493 −54.0466 6.3 0.60 68 31.5 -3.1 8
Reticulum III 56.3600 −60.4500 2.4 - - 92 -3.3 1
Tucana II 342.9796 −58.5689 12.89 0.39 107 57 -3.8 5
Tucana III 359.1500 −59.6000 6.0 - - 25 -2.4 1,8
Tucana IV 0.7300 −60.8500 11.8 0.40 11 48 -3.5 1
Tucana V 354.3500 −63.2700 1.8 0.70 30 55 -1.6 1
DES 1 8.4992 −49.0386 0.245 0.41 112 76 -1.42 4
DES J0225+0304 36.4267 3.0695 2.68 0.61 31 23.8 -1.1 9
a References: (1) Drlica-Wagner et al. (2015a) (2) Carlin et al. (2017) (3) Crnojevic´ et al.
(2016) (4) Conn et al. (2018a) (5) Koposov et al. (2015a) (6) Kim & Jerjen (2015) (7) Kim
et al. (2015b) (8) Mutlu-Pakdil et al. (2018) (9) Luque et al. (2017)
b Also referred to as Indus I.
we use the azimuthally averaged quantity here. The pa-
rameters for ah, , and θ are taken from the literature and
summarized in Table 1. The satellite’s probability distri-
bution of projected ellipticity radii is given by pRe(Re) =
d/dRe
[∫ Re
0
Σ(Re)RedRe/
∫ Rmax
0
Σ(Re)RedRe
]
. For the
Plummer profile this is (Walker & Pen˜arrubia 2011):
Lspatial = pRe(Re) =
2Re/a
2
h
(1 +R2/a2h)
2
. (6)
We assume the MW foreground is constant the over the
region probed. We pre-compute the spatial probabilities4
and the relative normalization between the two spatial
components is determined with the fraction parameter
(fMW). The spatial term in effect acts as a weight term:
stars near the satellite’s center are more likely to be satel-
lite members. The stars at large radii will determine the
MW proper motion and assist in identifying MW inter-
lopers near the satellite’s center.
Overall, our model contains 7 free parameters: 2 pa-
rameters for the systemic proper motion of the satellite
(µα cos δ, µδ); 4 to describe the MW foreground model,
2 systemic proper motion (µMWα cos δ, µ
MW
δ ), and 2 dis-
persion parameters (σMWµα cos δ, σ
MW
µδ
); and 1 for the nor-
malization between the two components (fMW). In ap-
pendix A we explore a two component MW foreground
model. For priors, we assume linear priors except for the
dispersion parameters where we use Jeffreys priors5. The
4 We have explored spatial parameters (i.e. ah, ) as free pa-
rameters with Gaussian priors based on literature values and find
that it does not affect our results. We have also explored utilizing
different literature structural parameter measurements for several
satellites and find that it does not affect the proper motion mea-
surements.
5 For a scaled parameter (such as the dispersion), a Jeffreys prior
will be a non-informative objective prior. For additional discussion
of this prior compared to a uniform prior see Section 8 of Kim et al.
priors ranges: are −10 < µ < 10 mas yr−1 for the proper
motions, −3 < log10 σµ < 1 for the MW dispersions,
and 0 < fMW < 1 for the fraction parameter. To de-
termine the posterior distribution we use the MultiNest
algorithm (Feroz & Hobson 2008; Feroz et al. 2009).
To determine a star’s satellite membership, pi, we
take the ratio of satellite likelihood to total likelihood:
p = Lsatellite/((1− fMW)Lsatellite + fMWLMW) (Martinez
et al. 2011). This is computed for each star at each point
in the posterior. We utilize the median value as the star’s
membership (which we refer to as pi, for the ith star).
pi represents the probability for the star to be a mem-
ber of the satellite population only considering its proper
motion and spatial location. We will refers to stars as
‘members’ if they have pi > 0.5.
3. RESULTS
Before moving to general results, we first examine the
result of one satellite, Reticulum II, in more detail. Fig-
ure 2 is an example of a diagnostic plot, showing the
spatial distribution, proper motions, location on a CMD,
and location on a color-color (g− r vs r− i) diagram for
stars with pi > 0.5. In Figure 3, we show the posterior
distribution of Reticulum II. The large number of mem-
bers (
∑
pi ≈ 48), the clear clustering of stars in proper
motion space (Figure 2, middle left panel), and the well
constrained satellite parameters (Figure 3) all show that
we have identified the systemic proper motion of Retic-
ulum II. Diagnostic and corner plots for other satellites
are in Appendix C.
3.1. Validation
As a validation of our method we next compare our
results to the 6 satellites with spectroscopic members:
Eridanus II (Li et al. 2017), Grus I (Walker et al. 2016),
Horologium I (Koposov et al. 2015b; Nagasawa et al.
(2016).
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Figure 2. Diagnostic plots for Reticulum II. Panels from left to right show the spatial distribution, proper motion distribution, CMD,
and color-color diagram for stars with membership probability pi > 0.5. Grey dots are non-member stars (pi < 0.1) within 3× of the
half-light radius rh. The dashed purple ellipse in the first panel indicates the half-light radius of the satellite (used for computing the
spatial probability); the solid purple curve in the third panel shows an Dotter isochrone with age = 12.5 Gyr and [Fe/H] = −2.2 and an
empirical M92 isochrone for BHB stars at the distance of the satellite; the dashed red line in the fourth panel shows the empirical stellar
locus of dereddened DES photometry, where stars above this lie are likely to be more metal-poor than those below this line; the same
Dotter isochrone () plotted as a cyan line in color-color diagram (see more details regarding the 4th panel in §4.2.)
Table 2
Summary of Validation with Spectroscopic Members
Satellite Nspec NGaia Nrecover Nnew References
a
Eridanus II 26 12 11 8 1
Grus I 7 5 4 4 2
Horologium I 6 6 6 11 3,4
Reticulum II 25 23 22 25 5,6,3
Tucana II 12 12 11 19 2,7
Tucana III 48 22b 15 23 8,9
Note. — Columns: Satellite name, number of spectro-
scopic members (Nspec), number of spectroscopic members cross
matched to Gaia (NGaia), number of spectroscopic members re-
covered (pi > 0.5) with our method (Nrecover), number of new
members (pi > 0.5) with our method (Nnew).
a References: (1) Li et al. (2017) (2) Walker et al. (2016) (3)
Koposov et al. (2015b) (4) Nagasawa et al. (2018) (5) Simon et al.
(2015) (6) Walker et al. (2015) (7) Chiti et al. (2018) (8) Simon
et al. (2017) (9) Li et al. (2018b)
b This only includes the tidal tail stars within 1 degree of the
center.
2018), Reticulum II (Simon et al. 2015; Walker et al.
2015; Koposov et al. 2015b), Tucana II (Walker et al.
2016; Chiti et al. 2018), and Tucana III (Simon et al.
2017; Li et al. 2018b). We will refer to stars in a satel-
lite that have been previously confirmed to be members
with spectroscopic observations as “spectroscopic mem-
bers” or “spectroscopically confirmed members.”
Our results in this section are summarized in Figure 4
and Table 2. Figure 4 displays all potential members
(pi > 0.1) in proper motion space. Each panel displays a
different satellite and spectroscopically confirmed mem-
bers are circled in magenta. Overlaid are other proper
motion measurements from the literature (Simon 2018;
Fritz et al. 2018a; Kallivayalil et al. 2018; Massari &
Helmi 2018). We list the number of spectroscopic mem-
bers in Gaia and those recovered from our method in
Table 2. Overall, our model recovers most known mem-
bers and we find excellent agreement between our results
and the literature.
We now discuss the missed spectroscopic members of
each satellite in detail. Recall here we consider stars
members if pi > 0.5. As shown in Figure 4, we miss
a single spectroscopic member in Eridanus II as it falls
outside of our of color-magnitude selection and fails the
astrometric quality cut. As this galaxy has the largest
stellar mass of the satellites considered, a wider color-
magnitude diagram may be indicative of extended star
formation or a larger spread in metallicity. In Grus
I we miss a spectroscopic member on the red side of
our color-magnitude selection. From medium resolu-
tion spectroscopy Walker et al. (2016) estimate the mean
metallicity to be [Fe/H] ≈ −1.4, significantly more metal
rich than our isochrone. We miss two spectroscopic mem-
bers in Reticulum II. The first is the brightest spectro-
scopic member and is saturated in the DES DR1. The
second is faint (G ∼ 20) and ∼ 3σ off in the µα cos δ
direction.
There are 48 spectroscopic members in the core and
tidal tails of Tucana III. Of these spectroscopic mem-
bers, only 22 are within 1 degree of the center and bright
enough for Gaia catalog. We miss the most stars in this
satellite, with only 15 of the spectroscopic members hav-
ing pi > 0.5. This is mainly due to our choice of spatial
model for Tucana III; we did not include a model to ac-
count for the tidal tails of Tucana III. Specifically, four
spectroscopic members have low membership (pi < 0.2)
due to their large radii; with r > 45′, they are the mem-
bers of the tidal tails. The other three disagree with the
Tucana III mean proper motion by 1-2σ and are assigned
lower membership.
In Tucana II, the RHB spectroscopic member is miss-
ing as RHB were not included in our CMD selection.
Of the six satellites we validate our measurement with,
all results agree with the literature except for Tucana II
measurement in Kallivayalil et al. (2018). Tucana II is
∼ 3 − σ off in the µδ direction. We note that our Tu-
cana II measurement is consistent with other Tucana II
measurements (Simon 2018; Fritz et al. 2018a). More
spectroscopic data of Tucana II is required to validate
membership and understand this discrepancy.
We note that while we could modify our selection for
an individual satellite to increase the recovery rate of
spectroscopic members, we cannot do this for satellites
without spectroscopic members. For consistency, we ex-
plore identical setups for each satellite. As discussed in
Sec. 2.1, our color-magnitude selection is catered towards
finding a pure sample of stars in a metal-poor ultra-faint
satellite. As our model includes a MW foreground model,
any interlopers will be down-weighted and our overall re-
sults are robust to interlopers. To further improve satel-
lite and MW separation we could include radial velocities
6 Pace & Li
Figure 3. Posterior distribution of Reticulum II. From left to right the parameters are: µα cos δ, µδ (systemic satellite proper motions),
µMWα cos δ, µ
MW
δ , σ
MW
µα cos δ
, σMWµδ (MW systemic proper motions and intrinsic proper motion dispersions), and fMW. The contours enclose
39.4, 85.5, 98.9% of the posterior distribution corresponding to 1, 2, 3−σ confidence intervals. The dotted lines are the 16,50, 84% confidence
intervals and the numerical values are quoted above.
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in our mixture model but our goal is to apply this method
to satellites without spectroscopic follow-up.
In addition to recovering the spectroscopic members,
we also find additional members in these objects. We list
the number of new members with pi > 0.5 in Table 2.
We suggest these stars should be prioritized in future
spectroscopic observations.
3.2. New Measurements
We apply the same method to 14 DES satellites that
have no spectroscopic information reported in the litera-
ture. We assess detection by verifying a cluster of mem-
bers in proper motion space in the diagnostic plots (e.g.
Figure 2; see plots for other satellites in Appendix C),
the total number of members in the satellite (
∑
pi), and
by examining the satellite posteriors (e.g. Figure 3; see
posteriors for other satellites in Appendix C). Our mea-
surements of the systemic proper motions are summa-
rized in Table 3.
The sum of the membership probability (
∑
pi) in each
satellite, is essentially the number of member stars in
each satellite from our mixture model (listed in Table 3).
As a comparison, we calculated the expected number of
member stars (Nexpected) using the luminosity and dis-
tance of each satellite in Table 1. We assume the satel-
lite has a Chabrier (2001) initial mass function with an
age of 12.5 Gyr and metallicity of [Fe/H] = −2.2, then
we estimate the expected number of member stars with
G < 20.96 from 100 realizations of stellar populations
randomly sampled using ugali7. The expected number
of members are given in Table 3 in the Nexpected column.
For most satellites, Nexpected and
∑
pi are in excellent
agreement (i.e. the mixture model agrees with the stel-
lar population sampling) however Grus II, Reticulum III,
Tucana IV, and DES J0225+0304 are all lower than ex-
pected. The number of stars within three times the half-
light radius that pass all of our cuts (N(r < 3 × rh)) is
given in Table 3. For a stellar distribution that follows
a Plummer density profile, 3 × rh includes 90% of the
stars. Comparing this column to
∑
pi shows that in some
satellites our cuts are enough to identify most members
(e.g., Grus I, Pictor I) whereas in other satellites the mix-
ture model is necessary to remove MW interlopers (e.g.
Grus II, Tucana II).
We are able to measure the systemic proper motion of
the following seven satellites which lack extensive spec-
trosopic follow-up and were not used to validate our
method: Columba I, Eridanus III, Grus II, Phoenix II,
Pictor I, Reticulum III, and Tucana IV. The satellites
Eridanus III and Horologium II lie at the border of what
we consider a measurement of the systemic proper mo-
tion; in both cases the ‘detection’ would be dependent
on a single red giant branch star and two blue horizon-
tal branch stars. While interlopers are rare at blue col-
ors we only claim a signal in Eridanus III as the stars
are brighter and more tightly clustered in proper mo-
tion space and the posteriors of Horologuim II are not
well constrained; we leave Horologium II as a plausible
6 The magnitude cut is close to the faintest potential members
in our sample. We note that that Gaia DR2 is not complete to this
magnitude and that the limiting magnitude may change between
satellites.
7 https://github.com/DarkEnergySurvey/ugali
measurement. We review the seven satellites with new
measurements individually in §4.3.
In additional to Horologium II, we are not able to con-
clusively determine the proper motions of Cetus II, or
Kim 28. The satellite posteriors are not well constrained;
this is due to the low number of inferred members (gen-
erally a ‘bright’ star plus a few very faint stars). As the
number of expected members was low in these satellites,
it is not surprising to see the ambiguous result. We fur-
ther discuss these satellites in Appendix B and we do
not claim measurements of the systemic proper motion
for these satellites. However, the potential members are
excellent targets for future radial velocity measurements.
We are not able to determine the systemic proper mo-
tion of DES 1, DES J0225+0304, Indus II, or Tucana V.
The likelihood fit returns zero signal (i.e.
∑
pi ≈ 0).
There are two possibilities for this non-detection. First,
the satellites could be more metal-rich and therefore our
CMD cut removes some members. To test this, we ex-
plored a ‘metal-rich’ isochrone ([Fe/H] ≈ −1.5, age=10
Gyr) but were still not able to locate any members. Sec-
ond, due to the low luminosity of these satellites, the
number of expected members brighter than the Gaia
magnitude limit is minimal. This is true for for DES 1
and Indus II. As Poisson noise is expected for ‘bright’
members, it is not unexpected to see the no detection
for a couple of faint satellites. However, given that
Nexpected = 16 for DES J0225+0304, it is surprising to
have no detection for the satellite. As DES J0225+0304
is located within the Sagittarius stream it is possible that
the overdensity is driven by the stellar stream. Within
the central region of DES J0225+0304 (2 × rh), only
six stars are left after applying much looser isochrone
cuts. As noted in Luque et al. (2017) the age, metallicity,
and distance of the stellar candidate and the Sagittarius
stream overlap and this candidate may be a false positive
(see Conn et al. 2018a,b). Deeper imaging is necessary to
further explore the nature of DES J0225+0304. We note
that as described in §2.1, we applied an escape velocity
cut to remove nearby stars with large proper motions,
as the MW hypervelocity stars will slightly affect the in-
ferred MW parameters. In principle the satellite may
not be bound to the MW and the escape velocity cut
will remove all members. To test this we examined all
stars at small radius without the escape velocity cut to
check for members. No satellites have an overdensity of
‘hypervelocity’ stars and we conclude that this cut did
not lead us to miss the signal from any of the satellites.
4. DISCUSSION AND CONCLUSION
4.1. Comparison to Predicted Dynamics and
Kinematics
In this section, we compare our measurements of the
systemic proper motion with predictions of LMC satel-
lites dynamics and kinematic membership in the vast po-
lar structure (VPOS). The summary of the model com-
parison is shown in Figure 5.
8 We note that this satellite was later independently discovered
by two groups (Koposov et al. 2015a; Bechtol et al. 2015) working
with DES data and both referred to as Indus I. As it was first
discovered by Kim et al. (2015b) and they were the first to consider
it a globular cluster we have denoted it as Kim 2 throughout the
paper.
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Figure 5. Comparison of our proper motion results to predictions of LMC satellites infall models (Jethwa et al. 2016; Sales et al. 2017;
Kallivayalil et al. 2018) and to predictions of satellites co- and counter-orbiting the vast polar structure (VPOS) of the MW (Pawlowski
et al. 2015).
Due to their proximity to the LMC, it was immedi-
ately suggested that some of the new DES satellites are
(or were) associated with the LMC (Bechtol et al. 2015;
Koposov et al. 2015a; Drlica-Wagner et al. 2015a). The
LMC is predicted to have many of its own satellites and
there is even a dearth of LMC satellites with higher stel-
lar masses (≈ 104M) (Dooley et al. 2017). More de-
tailed analytic modeling and cosmological N-body sim-
ulations suggest that several of the new DES satellites
were accreted by the MW with the LMC (Deason et al.
2015; Yozin & Bekki 2015; Jethwa et al. 2016; Sales et al.
2017). In order to confirm the association of a satel-
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Table 3
Summary of Proper Motions
Satellite
∑
pi N(pi > 0.1) Nexpected N(r < 3× rh) µα cos δ µδ Cµα cos δ×µδ
Eridanus II 18.44 21 20± 5 16 0.16+0.24−0.24 0.15+0.26−0.26 -0.27
Grus I 8.23 9 8± 3 8 −0.25+0.16−0.16 −0.47+0.23−0.23 0.35
Horologium I 17.06 20 16± 4 15 0.95+0.07−0.07 −0.55+0.06−0.06 0.29
Reticulum II 48.08 67 43± 6 64 2.36+0.05−0.05 −1.32+0.06−0.06 0.18
Tucana II 33.53 65 32± 5 105 0.91+0.06−0.06 −1.16+0.08−0.08 -0.42
Tucana III 44.83 74 42± 6 115 −0.03+0.04−0.04 −1.65+0.04−0.04 -0.38
Columba I 7.19 11 6± 3 8 −0.02+0.24−0.27 −0.04+0.30−0.30 -0.22
Eridanus III 5.14 6 4± 2 4 1.06+0.24−0.24 −0.48+0.24−0.24 -0.12
Grus II 31.49 58 39± 7 68 0.43+0.09−0.08 −1.45+0.11−0.15 0.24
Phoenix II 8.78 10 9± 3 9 0.49+0.11−0.10 −1.03+0.12−0.12 -0.48
Pictor I 7.05 7 8± 3 7 0.01+0.19−0.19 0.20+0.26−0.25 -0.20
Reticulum III 5.78 7 12± 4 8 −1.02+0.32−0.30 −1.23+0.40−0.36 0.39
Tucana IV 16.42 32 29± 5 100 0.63+0.25−0.22 −1.71+0.20−0.24 -0.30
Horologium II 4.13 5 8± 3 5 0.82+0.45−0.40 −0.04+0.62−0.71 0.07
Cetus II 3.19 4 3± 2 3 - - -
Indus I 2.54 3 2± 1 2 - - -
Tucana V 0.01 0 4± 2 2 - - -
Indus II 0.01 0 4± 2 4 - - -
DES 1 1.00 1 3± 2 1 - - -
DES J0225+0304 0.01 0 16± 4 2 - - -
Note. — Columns: satellite name, sum of membership probability (
∑
pi), number of stars with pi > 0.1,
number of expected members (Nexpected; see text), number of stars within three times the half-light radius (N(r <
3 × rh)), systemic proper motion in α cos δ direction, systemic proper motion in δ direction, and correlation
between proper motion coordinates. The satellites are order by: satellites with spectroscopic follow-up, new
proper motions, potential proper motions, and null results. We note that we have not included the systematic
error of 0.035 mas yr−1 (Gaia Collaboration et al. 2018a).
(a) For Columba I, we note that two probable members are likely to be more metal-rich stars. We therefore also
calculated the proper motions with 5 members which give µα cos δ = 0.08± 0.21 mas yr−1, µδ = −0.11± 0.28 mas
yr−1. See details in §4.2 and §4.3.
lite with the LMC, full phase space knowledge and orbit
modeling is required. Our results provide part of the
kinematic input to test these predictions.
There are two independent analyses that have made
predictions for the radial velocities and proper mo-
tions for DES satellites assuming an LMC association9
(Jethwa et al. 2016; Sales et al. 2017; Kallivayalil et al.
2018). Jethwa et al. (2016) consider the distribution of
LMC satellites after simulating the accretion of a LMC
analog into a MW halo. They perform multiple simula-
tions, varying the masses of both the LMC and MW.
Sales et al. (2017); Kallivayalil et al. (2018) examine
the accretion of a LMC analog in a cosmological sim-
ulation. In Figure 5, systemic proper motion predictions
from both models are compared to our results. Based
on the Kallivayalil et al. (2018) models, our proper mo-
tion results suggest that Eridanus III, and Phoenix II are
(or were) associated with the LMC. In fact, Kallivayalil
et al. (2018) find an overdensity of stars in Phoenix II
with proper motions consistent with their prediction and
suggest that these stars are Phoenix II members. None
of the predictions from Jethwa et al. (2016) models agree
with our measurements. To further confirm any associa-
tion with the LMC for these satellites, the radial velocity
is required in addition to orbit modeling with a LMC po-
9 One of the analysis is spread over two papers (Sales et al. 2017;
Kallivayalil et al. 2018). Sales et al. (2017) provides the theoretical
framework and discuss the N-Body simulation while Kallivayalil
et al. (2018) provides the observational counterpart and proper
motion predictions.
tential. We note that the two models have quite different
predictions for the proper motions of the seven satellites.
This may be due to the setup of the simulation (cosmo-
logical versus isolated) or the choices in mass for each
LMC, SMC, and MW components (only Jethwa et al.
2016, included the SMC). Moreover, there may be sub-
tle differences based on how the simulations were trans-
formed into the observed frame and local standard of rest
(Fritz et al. 2018b).
Another peculiarity in the distribution of the MW
satellites is the so-called vast polar structure (VPOS).
The VPOS is a planar structure of satellite galaxies
and distant globular clusters that is roughly perpen-
dicular (θ ∼ 82◦) to the MW disk (Pawlowski 2018).
New proper motions from Gaia have already confirmed
some satellites are consistent with membership in the
VPOS (Simon 2018; Fritz et al. 2018a). The systemic
proper motion predictions (Pawlowski et al. 2015) of
satellites co-orbiting (VPOS-co) and counter-orbiting
(VPOS-counter) are additionally included in Figure 5.
These predictions are represented as boxes, if the sys-
temic proper motion is anywhere within the boxes the
satellite is consistent with VPOS membership. We
find Eridanus III and Phoenix II are consistent with
co-orbiting, while Pictor I is consistent at ∼ 1σ with
counter-orbiting. The other 4 satellites do not have
published predictions. We note that Eridanus III and
Pictor I are spatially consistent with membership while
Phoenix II is 1σ away from the plane. Of ultra-faints
10 Pace & Li
with new proper motions, 16 have been consistent with
VPOS membership while 6 are not (Fritz et al. 2018a).
Similar to the LMC model comparisons, further confir-
mation of VPOS membership requires radial velocities.
4.2. Metallicity with Color-Color Diagram
The DES photometry is precise enough to identify
metal-poor RGB stars in a g− r vs r− i color-color dia-
gram with color range of around 0.4 . g − r . 0.8, first
shown in the spectroscopic follow-up study of the Tu-
cana III stream in Li et al. (2018b). In the color range
0.4 . g− r . 0.8, at a given r− i color metal poor stars
are bluer relative to metal rich stars in g − r color. This
is a similar effect to the traditional ultraviolet excess or
line-blanketing effect ( e.g., Wildey et al. 1962; Sandage
1969) as seen in the SDSS u− g vs g− r diagram (Ivezic´
et al. 2008).
To further verify that metal-poor RGB stars can be
identified, we examined all spectroscopically confirmed
members in the DES satellites (see Table 2 for refer-
ences), as shown in the left hand panel of Figure 6. At
g − r & 0.35, all spectroscopic members are found above
the empirical stellar locus10 except for Grus I which is
more metal rich (Walker et al. 2016). This further con-
firms the correlation between the metallicity and DES
stellar colors. In the right hand panel we show a simi-
lar diagram for stars with high membership probability
in the mixture model (pi > 0.8) for the seven satellites
with new proper motion measurements. The candidate
selection is not biased to only include stars above the
empirical stellar locus and our mixture model does not
consider color in the fit. Interestingly, the members are
preferentially located above the empirical stellar locus,
suggesting the metal-poor nature of these satellites. The
only exception is Reticulum III, where all RGB members
lie below the empirical stellar locus line.
Though the colors of stars are not used in the mix-
ture model, the locations of the stars in the color-color
diagram will help us assess their membership when we
review individual satellites in §4.3.
4.3. Review of Individual Galaxies
We discuss the seven satellites with systemic proper
motion measurements that we did not sure to validate of
measurements in this section. The seven satellites are:
Columba I, Eridanus III, Grus II, Phoenix II, Pictor I,
Reticulum III, and Tucana IV. This is the first proper
motion measurement of Eridanus III and Pictor I. We
discuss star-by-star comparisons with Fritz et al. (2018b)
that identified members with VLT/FLAMES/GIRAFE
spectroscopy in three satellites (Columba I, Reticu-
lum III, Phoenix II). The diagnostic and posterior plots
for each satellite are available in Appendix C.
We divide the potential members into three categories:
high probability (pi > 0.8), medium probability (0.3 <
pi < 0.8), and low probability (0.1 < pi < 0.3). The full
list of potential members (pi > 0.1) is in Table 4
11 and
10 The empirical stellar locus is constructed as the median r− i
color at every g − r color bin using dereddened DES photometry
with 16 . r . 21 (sampled over the full survey footprint). See
more details in Li et al. (2018b).
11 Full membership files can be found at https://github.com/
apace7/gaia_cross_des_proper_motions.
includes astrometry, photometry, proper motions and
membership probabilities.
Columba I has 5 members with high probability and 2
with medium probability. However, both medium proba-
bility members are below the stellar locus and are there-
fore likely non-members. If we calculate the proper
motion with the 5 high probability members, we get
µα cos δ = 0.08 ± 0.21 mas yr−1, µδ = −0.11 ± 0.28
mas yr−1, which is still consistent to our results with
the mixture model in Table 3.
Fritz et al. (2018b) presents spectroscopic and as-
trometric data of Columba I using Gaia DR2 and
VLT/FLAMES spectroscopy. They find 8 potential
members, considering 4 as confident members and 4 as
potential members. Of these 8 stars, 2 confident and 3
possible members are in the Gaia DR2 catalog. They
find (µα cos δ, µδ) = (0.33± 0.28,−0.38± 0.38) mas yr−1
which is consistent at the 1.25 − σ, 0.9σ level with our
measurement. The two stars they consider members we
also consider members (pi = 0.98, 0.97). Of the three
stars they consider possible members, one has medium
membership (pi = 0.70), while the other two are at the
non-member/low-membership boarder (pi = 0.09, .011).
We note they prefer their confident membership proper
motion measurement. As our mixture model method
considers all Gaia proper motion data their identified
members are a subset of ours.
Eridanus III has the lowest significance with what
we consider a ‘detection’. It has 4 members with high
probability (including 2 BHBs) and 2 with medium prob-
ability. The confidence of our detection is mainly based
on the agreement in proper motion space for the bright-
est RGB and 2 BHB stars and the constrained satellite
parameters in the posterior distribution. Interestingly,
the proper motion overlaps with the Kallivayalil et al.
(2018) LMC satellite accretion models and as a satellite
co-orbiting in the VPOS (Pawlowski et al. 2015). Of the
satellites with new measurements it is the only satellite
considered to be a star cluster (Luque et al. 2018; Conn
et al. 2018a).
Grus II is relative bright and nearby, therefore it has
the most potential members among the satellites with
new proper motion measurements. It has 11 RGB and
3 BHB members with high probability. For Grus II,
Massari & Helmi (2018) find (µα cos δ, µδ) = (0.37 ±
0.07,−1.33±0.08) mas yr−1 which is consistent with our
result at the 1 − σ level. We find the total membership
to be
∑
pi = 32, which is smaller than expected from
the stellar population simulations (Nexpected = 39 ± 7)
whereas Massari & Helmi (2018) find 45 members. We
suspect our results are driven by the partial overlap in
proper motion space of Grus II and the MW foreground.
Almost all stars at larger radii (r > 1.5× rh) are consid-
ered MW members. However, we still find that the stars
follow the Plummer distribution; for stars with pi > 0.5,
16 are within the half-light radius and 12 are outside of
it. Due to the large number of members near the center
of the satellite we can still successfully recover the sys-
temic proper motion of the satellite. To further disen-
tangle Grus II and the MW foreground, radial velocities
are required.
Phoenix II has 9 members with high probability, 2
of which are BHBs, and the remaining 7 RGB mem-
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Figure 6. g − r vs r − i color-color diagrams for stars in the DES satellites. Left: Spectroscopic members in the DES DR1 × Gaia
catalog of the six DES satellites with spectroscopic follow-up (see Table 2 for citations). Excluding Grus I all satellites where found to
be extremely metal-poor ([Fe/H] . −2.0) from the spectroscopic follow-up. Correspondingly, the spectroscopic members in these satellites
(excluding Grus I) all lie above the DES empirical stellar locus (dashed black line) and can be well described by a Dotter isochrone with
a metal-poor population ([Fe/H] = −2.2; cyan line) . Right: High probability members (pi > 0.8) of the seven satellites with new proper
motion measurements: Columba I, Eridanus III, Grus II, Phoenix II, Pictor I, Reticulum III, and Tucana IV. Most of these proper motion
members in new satellites are predicted to be metal-poor with the exception of Reticulum III, where all of the members are below the
stellar locus.
bers are all above the empirical stellar locus and are
therefore likely to be metal-poor members. The sys-
temic proper motion of Phoenix II agrees with the ac-
cretion models of Sales et al. (2017); Kallivayalil et al.
(2018) and is candidate for a LMC satellite. Kalli-
vayalil et al. (2018) starting from their model predic-
tions, used a clustering algorithm to identify 4 stars
near Phoenix II with a similar systemic proper motion of
(µα cos δ, µδ) = (0.54±0.10,−1.17±0.12) mas yr−1. Our
model identifies additional members but it is consistent
with their result.
Fritz et al. (2018b) find six members from their combi-
nation of Gaia DR2 and VLT/FLAMES spectroscopy
(one is considered a possible member). They find
(µα cos δ, µδ) = (0.50±0.12,−1.16±0.14) mas yr−1 which
is consistent with our measurement. Two of these stars
fall outside of our color-magnitude selection (one of these
stars is the possible member), but they are likely mem-
bers based on their proper motions and velocities. One
star is located on the red horizontal branch (a poten-
tial RR Lyrae) and we specifically excluded this region
from our analysis. The other star is much redder than
the isochrone (∆g − r ≈ 0.14); its red color may be due
to odd abundances (e.g. Carbon enhanced star Koposov
et al. 2018). The four other stars are all considered mem-
bers in our analysis (pi = 0.99, 0.92, 0.82, 1.00).
Pictor I12 has 7 RGB members with high probability.
The 5 brighter stars form a tight cluster in proper motion
space, indicating that this is the likely signal of Pictor
I. All stars are found above the stellar locus suggesting
12 We note that in both discovery papers, Bechtol et al. (2015)
and Koposov et al. (2015a), this satellite (DES J0443.8-5017) was
incorrectly referred to as Pictoris I. This mistake was due to latin
case. Pictoris is the latin genitive of Pictor, and is used to refer to
stars in constellations.
that this is a metal-poor satellite.
Reticulum III has 5 members with high probabil-
ity and 1 member with medium probability (which is
also a BHB star). Interestingly, all 5 high probability
members lie below the stellar locus. As these 5 stars
are clumped in proper motion space, it is unambiguous
that these stars are Reticulum III members. The loca-
tion in color-color space indicates that it might have a
relatively more more-metal rich population. Based on
its size r1/2 ≈ 60 pc and luminosity it is not expected
to be a star cluster (Drlica-Wagner et al. 2015b). From
the stellar mass-metallicity relation (Kirby et al. 2013b),
a dwarf galaxy of it’s luminosity is expected to have
[Fe/H] ≈ −2.5. It is possible that it is a remnant of
a much more massive satellite, similar to what has been
suggested for Segue 2 (Kirby et al. 2013a). Alternatively,
these stars may still be metal-poor but have some inter-
esting chemical composition (e.g. carbon enhancement
Koposov et al. 2018). Spectroscopic follow-up is needed
to conclusively provide information on their metallicity
and chemical abundance. As mentioned in §3.2, we find
fewer members in Reticulum III from our mixture model
(
∑
pi = 5.78) than expected from the luminosity esti-
mation (Nexpected = 12± 4; Table 3). If Reticulum III is
more metal-rich then the metal-poor isochrone, the CMD
selection may have missed some members.
Fritz et al. (2018b) find three members from their com-
bination of Gaia DR2 and VLT/FLAMES spectroscopy.
They find (µα cos δ, µδ) = (−0.39 ± 0.53,−0.32 ±
0.63) mas yr−1 which is 1.2−σ, 1.4σ away from our mea-
surement. Their faintest member we consider a non-
member as it does not satisfy our color-magnitude se-
lection while the other two we consider members (pi =
0.99, 0.98). As our method is able to identify all members
in the Gaia DR2 data their measurement is a subset of
12 Pace & Li
the total Gaia DR2 sample. We do note that they find
all three stars to be very metal poor ([Fe/H]< −2.5) from
calcium triplet measurements in contrast to our findings
with the g-r vs r-i color-color diagram.
Tucana IV has few members with high probability
but many with medium probability. Similar to Grus II,
we find that the MW foreground overlaps with the Tu-
cana IV proper motion and makes recovery of the satel-
lite systemic proper motion difficult. Because of its
low surface brightness and large size the mixture model
has difficulty separating nearby members from the MW.
As mentioned in §3.2, the number of members from
the likelihood fit (
∑
pi = 16) is much smaller than
the expected number of members based on its lumi-
nosity and distance (Nexpected = 29 ± 5; Table 3). In
fact, our method has trouble identifying any high prob-
ability members outside the half-light radius; only 3
stars outside the half-light radius have pi > 0.5. In-
creasing the complexity of foreground model does not
increase the number of satellite stars found (see Ap-
pendix A for a full description and discussion of the
two component MW modeling). Massari & Helmi (2018)
find (µα cos δ, µδ) = (0.75± 0.06,−1.70± 0.08) mas yr−1
while we find a similar result with much larger errors
(µα cos δ, µδ) = (0.63± 0.24,−1.71± 0.22) mas yr−1. We
also note that the posterior distribution for the satellite
parameters contain non-Gaussian tails. If this satellite
was less luminous we likely would not have been able to
identify it.
4.4. Conclusions
We have presented a method for determining the
proper motion of ultra-faint satellites utilizing Gaia DR2
proper motions and DES DR1 photometry. Our mixture
model successfully recovered the systemic proper motion
of the six DES satellites with spectroscopic members as
a validation of our method. We were able to measure
the systemic proper motion of seven additional satellites:
Columba I, Eridanus III, Grus II, Phoenix II, Pictor I,
Reticulum III, and Tucana IV, five of which are new mea-
surements. We found that Eridanus III and Phoenix II
are consistent with the dynamics of LMC satellites but
additional verification with the satellite’s systemic radial
velocity and orbit modeling is required. Of the three
satellites with vast polar structure proper motion pre-
dictions, all three are consistent with membership. Eri-
danus III and Phoenix II are co-orbiting while is Pictor I
counter-orbiting. With DES photometry most of the
new satellites are predicted to be extremely metal-poor
([Fe/H] . −2); the exception is Reticulum III, which we
predict to be more metal rich ([Fe/H] ∼ −1.5) than most
ultra-faint satellite.
Although the main motivation of this work was to mea-
sure the systemic proper motion of the satellites in the
Milky Way, as a byproduct, our study also provides a
list of satellite members based on their photometry and
proper motion. In Table 4, we list all stars with mem-
bership probability pi > 0.1 in 17 satellites. For the 6
satellites with spectroscopic follow-up (i.e. Horologium
I, Reticulum II, Eridanus II, Grus I, Tucana II, Tucana
III), we find additional members in each satellite (see
§3.1 and Table 2); these members are relatively bright
and are excellent targets to increase the spectroscopic
sample sizes to improve the dynamical mass measure-
ments. For the 7 satellites that without any or extensive
spectroscopic follow-up but with systemic proper motion
measurements (i.e. Columba I, Eridanus III, Grus II,
Phoenix II, Pictor I, Reticulum III, and Tucana IV), the
list of members can aid target selection in future spectro-
scopic follow-up. We are not able to conclusively deter-
mine the proper motions of the remaining 3 satellites (i.e.
Cetus II, Kim 2, and Horologium II); however, we suggest
that spectroscopic follow-up/and membership confirma-
tion of these potential members could determine the sys-
temic proper motion of the satellites. We note that due
to our selection in §2.1, we may miss some stars in each
satellite. Therefore, the list we provide is not meant to be
complete, but should be considered with higher priority
for target selection of spectroscopic follow-up observa-
tions.
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APPENDIX
A. TWO COMPONENT MILKY WAY FOREGROUND MODELING
Here we explore a more complex MW foreground model to verify that our results are robust to choice of foreground
model. We expand the proper motion component of the MW model from one to two Gaussian components. We will
refer to this model as the two component model. Physically the two components could represent the MW halo and
disk, however, note that the cuts we apply ($ and vesc) preferentially removes MW disk stars from the sample. To
distinguish the components, we assume that one component has an overall larger proper motion dispersion: σ2µ,1 > σ
2
µ,2
(where σ2µ = (σµα cos δ)
2
+σ2µδ). In the disk and halo interpretation the ‘disk’ component will have a larger dispersion as
the disk stars are closer and have larger proper motions. Overall, adding the second component increases the number of
free parameters by five; two mean MW proper motions, two MW proper motion dispersions, and a fraction parameter
to weigh the two components. The priors for these parameters are set to be the same as in the single foreground model
case.
We apply this additional foreground model to the 13 satellites with a signal and Horologium II. In all cases our
measurements in the two component model are within the errors of the single component model, with similar precision
on the systemic proper motion with the exception of Horologium II and Tucana IV. In Figure 7, we show the posterior
distribution of Grus II as an example of the two component model. The posterior distribution of the satellite systemic
proper motion parameters are extremely similar to the original foreground model. In general, the MW foreground
parameters are not well constrained. The satellite proper motions parameters do not correlate with any of the
foreground MW parameters. The MW parameters are highly correlated among other MW parameters (in particular
between the ‘halo’ and ‘disk’ parameters). The dispersions are correlated and in most cases not resolved into individual
components. The number of stars in the background is not large enough to separate the foreground into multiple
components.
To quantify which of the foreground models is a better fit we compute the logarithmic Bayes Factor (ln B), the
ratio of Bayesian evidence between the two models, a commonly utilized model comparison test (Trotta 2008). The
ranges of ln B : 0 < 1 < 2.5 < 5 correspond to insignificant, weak, moderate and strong evidence in favor of one model
(negative values indicate evidence in favor the other model). We find in all but one satellite (Eridanus III) the two
component model is highly disfavored; for 12 satellites the ln B range is between −20 < ln B < −5.5 (where positive
values imply the two component foreground is favored). Eridanus III has ln B = +4.6. Based on the model selection
criteria increasing the complexity and number of parameters of the foreground model does not improve the fit and is
not justified based on the sample sizes.
We find that in most cases the overall change in membership is lower but small; for 9/13 satellites the change is
(
∑
∆pi < −1). The overall range of membership changes is
∑
∆pi ∼ −8.0−+0.6. When restricted to only brighter
stars (G < 19.5) the change in membership is much smaller and the maximum change is only
∑
∆pi ∼ 1.7. In general,
the stars ‘moved’ to the MW population are faint (G > 19.5) with large proper motion errors. The satellites with
the largest number of members (e.g. Grus II, Tucana II, and Tucana III) had the largest decrease in membership,
however, their systemic proper motion does not change (with the exception of Tucana IV). While some satellites have
large changes in membership, they are almost all faint stars.
Of the satellites with a signal, Tucana IV has the largest change in the systemic motion; it changes by ≈ 0.7σ/0.3σ
(µα cos δ, µδ) and the errors increase by about a factor of two. The membership decreases by
∑
δpi ∼ 4.4. The
significance of the detection of the proper motion signal of Tucana IV is decreased relative to the original foreground
model (however, this foreground model is disfavored compared to the original). As there are not many bright stars
to anchor the satellite measurement it is much harder to distinguish between MW and satellite stars for this satellite.
In addition this was the only satellite where all four MW dispersions parameters were constrained to be non-zero. In
most cases the MW dispersion parameters had large tails to zero-dispersion. Tucana IV is one of the most diffuse
satellites in our sample and as there is some overlap in MW proper motion our method has trouble disentangling it
from the MW. Radial velocities and stellar chemistry will be key to improve the Tucana IV systemic proper motion
measurement.
B. DISCUSSION OF INDIVIDUAL SATELLITES WITHOUT A CONCLUSIVE DETECTION
While we are not able to conclusively determine the systemic proper motion of Cetus II, Kim 2, and Horologium II,
we do find several potential members in each satellite. We have provided diagnostic plots and corner plots for these four
Proper Motions of DES Satellites 15
Figure 7. Corner plot of Grus II for the two component MW foreground model. The two MW components are labeled 1,2 and fd is the
fraction of stars in the 2nd MW population.
satellites in Appendix C. If stars in these systems are verified as members with spectroscopic follow-up, the systemic
proper motions could be determined. Horologium II has 3 members with high probability (including 1 BHB) and 2
with medium probability (including 1 BHB). Three RGB stars are all above stellar locus, indicating that they are
metal-poor stars. Although these 5 stars cluster in proper motion space, the errors are too large to claim that they are
members of the same source. In addition, the satellite posterior is not well constrained. Spectrosopically confirming
their membership in Horologium II or improving the precision of the proper motions (i.e. later Gaia releases) are
required for future studies of this object. We note that in the two component foreground model, the significance of
the Horologium II signal deceases.
We note that there has been spectroscopic follow-up of Horologium II with VLT/FLAMES/GIRAFFE (Fritz et al.
2018b), however, the poor velocity precision of only three potential members and lack of a clear cold spike makes
it unclear whether the heliocentric velocity has been measured. They find (µα cos δ, µδ) = (1.52 ± 0.25,−0.47 ±
0.39) mas yr−1 which is consistent at the 1.6− σ, 0.6σ with our measurement. They find three members, the brightest
is outside our color-magnitude diagram selection. The other two have membership of 0.68 and 0.98 in our model.
In Kim 2 and Cetus II we find a single ‘bright’ star and 2-3 faint stars, in agreement with the expected number of
stars in these objects (Nexpected = 2− 4). In Tucana V, if we assume  = 0 we find a non-zero signal (although it is at
lower significance than the other satellites discussed in this section). Deeper photometry of Kim 2 suggests that it is
significantly more metal rich than our assumed isochrone ([Fe/H] ≈ −1 Kim et al. 2015b). While we searched for more
members with a more metal-rich isochrone ([Fe/H] ≈ −1.5), we were not able to find any. Given the low luminosity
of this object we did not expect to find many members (see Table 3). The reality as stellar overdensities for Cetus II
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and Tucana V has been questioned with deep data (Conn et al. 2018a,b).
C. FIGURES
We present the diagnostic plots and corner plots of posterior distributions in Figure 13- 37 for the remaining satellites.
The plots are similar to those as shown in Figure 2 and Figure 3 for Reticulum II. In contrast to Figure 2, we show
all stars with pi > 0.1 except for Tucana II and Tucana III where we display pi > 0.5.
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Figure 8. Analogous to Figure 2 but for Eridanus II.
Figure 9. Analogous to Figure 2 but for Grus I.
Figure 10. Analogous to Figure 2 but for Horologium I.
Figure 11. Analogous to Figure 2 but for Tucana II.
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Figure 12. Analogous to Figure 2 but for Tucana III.
Figure 13. Analogous to Figure 2 but for Columba I.
Figure 14. Analogous to Figure 2 but for Eridanus III.
Figure 15. Analogous to Figure 2 but for Grus II.
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Figure 16. Analogous to Figure 2 but for Phoenix II.
Figure 17. Analogous to Figure 2 but for Pictor I.
Figure 18. Analogous to Figure 2 but for Reticulum III.
Figure 19. Analogous to Figure 2 but for Tucana IV.
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Figure 20. Analogous to Figure 2 but for Horologium II.
Figure 21. Analogous to Figure 2 but for Kim 2.
Figure 22. Analogous to Figure 2 but for Cetus II.
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Figure 23. Analogous to Figure 3 but for Eridanus II.
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Figure 24. Analogous to Figure 3 but for Grus I.
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Figure 25. Analogous to Figure 3 but for Horologium I.
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Figure 26. Analogous to Figure 3 but for Tucana II.
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Figure 27. Analogous to Figure 3 but for Tucana III.
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Figure 28. Analogous to Figure 3 but for Columba I.
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Figure 29. Analogous to Figure 3 but for Eridanus III.
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Figure 30. Analogous to Figure 3 but for Grus II.
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Figure 31. Analogous to Figure 3 but for Pictor I.
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Figure 32. Analogous to Figure 3 but for Phoenix II.
Proper Motions of DES Satellites 31
Figure 33. Analogous to Figure 3 but for Reticulum III.
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Figure 34. Analogous to Figure 3 but for Tucana IV.
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Figure 35. Analogous to Figure 3 but for Horologium II.
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Figure 36. Analogous to Figure 3 but for Cetus II.
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Figure 37. Analogous to Figure 3 but for Kim 2.
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